Abstract: Superconducting Tl-based films were prepared on a LaAlO 3 single crystal substrate. Spray pyrolysis of Ba, Ca and Cu nitrate solutions was used for deposition of the precursor films. They were subsequently ex-situ thallinated in flowing oxygen (open system). While the superconducting Tl-2212 phase formed at an annealing temperature of 880
Introduction
Tl-based high-temperature superconducting films, especially those containing Tl 2 Ba 2 CaCu 2 O y (Tl-2212) and Tl 2 Ba 2 Ca 2 Cu 3 O z (Tl-2223) phases, are promising candidates for applications in passive microwave devices. Between the two aforementioned superconductors, Tl-2223 (T C = 125 K) is considered to be more appropriate than Tl-2212 (T C = 110 K), since in Tl-2223, the difference between its T C and assumed working temperature (77 K) is greater than in Tl-2212.
Usually, a two-step process is used for the preparation of Tl-based superconducting films. The first step involves the chemical [1] [2] [3] or physical [4, 5] deposition of a Tl-free precursor film on a substrate, and subsequent ex -situ thallination is the second step. The spray-pyrolysis technique is well suited for the preparation of large coatings with a potential for practical use. Its application for the synthesis of Tl-based superconducting films has been reported [6, 7] . While the Tl-2212 phase usually forms very quickly, Tl-2223 is formed in the transformation reaction Tl-2212 → Tl-2223. This is followed by the reaction Tl-2223 → Tl-1223. Since Tl-2223 lies on pathway between two relatively stable phases, it is a difficult task to optimize thallination conditions in such a way that a pure Tl-2223 phase is formed [1, 2] . Therefore, up until now, most studies on Tl-based films have been devoted to Tl-2212.
It has been reported [8, 9] that the Tl-2212 → Tl-2223 transformation is rather complicated and slow if good biaxially textured Tl-2212 films with well developed grains arise during the starting phase of the process. This can be explained by the fact that in such cases, the nucleation centres for the growth of Tl-2223 phases, which occur on the edges of Tl-2212 grains, can not be effectively formed. One possible way to prepare a pure Tl-2223 phase is to avoid grain growth and texturation of Tl-2212 by increasing the temperature of thallination.
Until now, in most papers that have been devoted to the synthesis of Tl-2223 films, the thallination step was performed in closed systems sealed in quartz. The goal of this work was the preparation of Tl-based superconducting films on a single crystal LaAlO 3 substrate by the two-step process involving a spray-pyrolysis deposition of the precursor film and its subsequent thallination in an open system at conditions that would favour the formation of the Tl-2223 phase.
Experimental Method
A two-step method was used for the preparation of Tl-based superconducting films. First, precursor films with the following composition, Ba:Ca:Cu = 2:2:3, were prepared by spray pyrolysis on single crystal LaAlO 3 (100) substrates heated at 850
• C in flowing oxygen using a spraying frequency of 100 kHz over the span of 15 minutes. A water solution of Ba, Ca and Cu nitrates with an overall concentration of 0.3 mol/l was used for spraying. In the second step, an ex -situ thallination was performed at 880 and 900 / 24 h in flowing oxygen. The film and thallination pellet were wrapped together in a silver foil. The reaction was performed in an alumina crucible, which was shifted into a tube furnace preheated to the given annealing temperature. After the annealing, the system was cooled down naturally to room temperature. The reaction was performed in an environment of flowing oxygen. The phase composition of the films prepared in such a manner was investigated by X-ray diffraction in Bragg-Brentano geometry (θ-2θ, CuK α radiation). SEM microphotographs were taken on a Jeol JXA 840A device. The thickness of the films was determined from SEM microphotographs of the cross section.
The films were characterized by resistance vs. temperature R(T ) measurements using a dc four probe configuration. The onset critical temperature T ON was defined as the beginning of deviation from linear R(T ) dependence and T C0 was the zero resistance critical temperature.
Results and discussion
Difficulties with the chemical non-vacuum preparation of films containing pure Tl-2223 phases are well known [1, 10] . Until now, most of the interest in this field has been devoted to the preparation of Tl-2223 films by thallination in closed systems sealed in quartz tubes.
The work in open systems is experimentally simpler and potentially more attractive for practical applications. Therefore, this work is devoted to the preparation of Tl-based films obtained by thallination under flowing oxygen; under conditions that favour the formation of a Tl-2223 phase. The spray-pyrolysis method deposition of precursors led to films with a thickness of d ∼ = 2 μm. The properties of the resulting superconducting films are compared with those synthesized at similar conditions in closed system [10] .
First, a thallination at 880
• C was performed. For this reaction, an unreacted pellet having a composition of Tl x Ba 2 Ca 2 Cu 3 O z (x = 1.7) was applied as the Tl-source. Independent of the reaction time, the XRD pattern showed a presence of the Tl-2212 superconducting phase with an incomplete (00l) orientation. The onset critical temperature of the film T ON = 125 K and zero resistance critical temperature T C0 = 91.8 K correspond to the Tl-2212 phase (Fig. 1a) . We assume that the kink in the R(T ) dependence at ∼105 K can be explained by the fact that in films prepared under our experimental conditions, some regions of Tl-2212 do not have an optimal oxygen content. Therefore, in the superconductors under consideration, there exist some regions which exhibit shifted T C0 values. It is known [8, 9] that a higher thallination temperature and a lower Tl-content in the source pellet are necessary to push forward the Tl-2212 → Tl-2223 transformation reaction. Therefore, thallination of the films was performed at 900
• C with the source having the following composition: Tl x Ba 2 Ca 2 Cu 3 O z (x = 1.6). After 30 minutes of thallination, the XRD pattern indicated the formation of multiphase films. The main phase was still Tl-2212, but a Tl-2223 admixture was detected (Fig. 2) . Once again, the R(T ) dependence (Fig. 1b) indicates the presence of Tl-2212, where in some regions, the oxygen content is not optimised and T C0 is suppressed. In films thallinated for 30 minutes, the amount of Tl-2223 in the sample is too low to form an effective superconducting path and the value of T ON corresponds to Tl-2212.
Fig. 3
The XRD spectrum of the film thallinated at 900
• C / 180 min.
When the annealing time was increased to 180 minutes, the amount of Tl-2212 decreased (Fig. 3) . In the resulting multiphase Tl-2212 / Tl-2223 film, the Tl-2223 phase was in majority. According to XRD results, only a small amount of non-superconducting impurities was present. The onset critical temperature increased to T ON = 135 K, which is typical for the Tl-2223 phase. The R(T ) measurement (Fig. 1c) shows that zero resistance is reached only at 93 K. The T C0 value is determined by the presence of Tl-2212 in the intergranular regions of the film.
In Fig. 4 , a typical SEM microphotograph of the sample thallinated at 900
• C for 180 minutes is shown. The superconducting films exhibit a plate-like morphology. The EDX analysis showed that they are devoid of significant amounts of Tl-deficient impurities. It has been reported [10] that in closed system, thallination at 900
with a Tl-source composed of Tl x Ba 2 Ca 2 Cu 3 O z (x = 1.7) and a weighing 0.5 g led to the formation of Tl-2223 / Tl-1223 mixture coupled with intergrowth phases of Tl-2223. Critical temperatures, especially the zero resistance critical temperature, were remarkably higher (T ON = 135 K, T C0 = 115 K) than those found for samples described in this work. From the above results it can be deduced that under comparable reaction conditions, the Tl-2212 → Tl-2223 → Tl-1223 phase transformations occur much faster in closed system under 50 kPa of oxygen. Closed system also requires a higher Tl-content in the source for locking the transformation into the Tl-2223 phase and for avoiding its subsequent reaction into Tl-1223. Under our experimental conditions, in an atmosphere of flowing oxygen, we did not observe any formation of Tl-1223, even in cases when the thallination times were much longer than in closed system. The fact that the above transformation proceeds at a slower rate in an open system leads to the consequence that 
Conclusions
Tl-based superconducting films were prepared by a two-step method involving spray pyrolysis deposition and ex -situ thallination in flowing oxygen. The results obtained were compared with those obtained previously by thallination in a closed system. The formation of Tl-2223 was observed at a thallination temperature of 900 • C. However, in all cases, multiphase films were obtained. These films consist of a Tl-2223 / Tl-2212 mixture, where the relative ratio of phases depends on the reaction conditions. The Tl-2212 → Tl-2223 → Tl-1223 transformation proceeds at a slower rate in open system under flowing oxygen than in a closed system under 50 kPa of oxygen. Further work on the optimization of the experimental conditions for the formation of pure Tl-2223 films is in progress. The best combination of the following parameters: thallination temperature, thallination time and partial pressure of thallous oxide in the reaction atmosphere, which is given by the Tl 2 O 3 content in the pellet source, has yet to be found. and the help of S. Beauquis and Ph. Galez with aerosol spray deposition, as well as their valuable discussions, are highly appreciated.
